C h a r a c t e riz a tio n of a c o u s ti c diffu sio n u si n g r ef r a c t ovib r o m e t ry
INTRODUCTION
The acoustic quality of concert halls, exhibition centres, recording studios, and indeed any enclosed space, is principally defined by their size, shape, and the nature of reflections from the surfaces within that space [1] . Architects and acousticians depend on having accurate information about the absorption, reflection, and scattering properties of surface materials in order to correctly specify and realize their designs [2] . Whilst absorption is often measured in large reverberation chambers, applying statistical assumptions based on an assumed diffuse field, the characterisation of the spatial scattering of surfaces is somewhat more involved. An important property of a surface defined by the latter is the diffusion coefficient -a measure of scattering uniformity with angle [3] . Measuring the scattering properties of surface samples accurately is a laborious and time consuming process because it relies on making a great many measurements with calibrated microphones [3, 4] -for diffusion measurements at least 37 microphones are required for simultaneous measurement over a semi-circle, or a bulky goniometer for sequential measurement in 2D or 3D. There is scope for substantial improvement to the speed and accuracy of sample testing if microphone and goniometer based systems can be replaced by optical equivalents.
The use of light to map the distribution of sound in 2D fields has been in existence for more than 300 years, going back to the first experiments in Schlieren imaging and shadowography [5] . A modern equivalent, refracto-vibrometry (which uses a laser Doppler vibrometer -primarily developed to study vibrating solid surfaces) allows very rapid and precise optical sampling, and may be used to observe sound propagation in optically transparent media via an interaction known as the acousto-optic effect [6] . From the late 20 th century refracto-vibrometry has been used to image ultrasonic waves in water [7] , and over the last 15 years it has been successfully applied to image sound propagation in air [8] . Two frames showing sound propagation (reflected from a diffuser) constructed using refracto-vibrometry are presented in fig. 1 to illustrate one qualitative application of the technique. The acousto-optic effect describes how the optical refractive index of a medium, n, is dependent on the pressure, and is therefore influenced by sound pressure, p, in a deterministic way (Eq. 1).
Where n0 is the static refractive index (close to 1 in air), p0 the static pressure, and γ the ratio of specific heats. The ratio p/p0 and the difference (n0 -1) confirm that this is an incredibly weak effect in air, and therefore high sound pressures are required for it to be observable.
The change to refractive index alters speed of light through that region, which is detected through refracto-vibrometry as an apparent Doppler velocity, v. This velocity is proportional to the rate of change of the line integral of acoustic pressure along the laser's path, L, as described by Eq. 2.
A limitation of the technique is immediately apparent: the line integral of acoustic pressure provides no direct way to determine sound pressure at a point, which is the quantity most commonly sought in acoustic measurements. Tomography has been successfully applied [6, 9] to resolve this, although this is very time intensive. Alternatively, for situations where there is a-priori knowledge of the sound field, it is possible to use that in combination with refracto-vibrometry to determine sound pressure at a point [10] .
The authors propose in this paper that many of the benefits of refracto-vibrometry can also be directly realized by using it to determine normalized quantities, such as the coefficients describing acoustic reflections (absorption, scattering, and diffusion), where an absolute evaluation of sound pressure is not required. To demonstrate this, an experiment has been conducted on a single plane scattering surface, arbitrarily chosen as a 1D length 7 quadratic residue diffuser (QRD) [11] with well depth sequence [0 1 4 2 2 4 1], and it will be shown that polar responses and directional diffusion coefficients can be derived directly from the optical data.
METHODOLOGY

General refracto-vibrometry method
Laser Doppler vibrometry (as opposed to refracto-vibrometry) measures the vibration of a surface by performing interferometry on a beam of laser light reflected off that surface. In refractovibrometry the reflective surface is fixed in place, and it is variations in the refractive index of the air that causes phase changes to be detected through interferometry. Both applications use a laser
Doppler vibrometer, which is a type of interferometer designed to be sensitive to Doppler shifts of the returning laser light.
In this study, refracto-vibrometry measurements have been made with a scanning laser vibrometer mounted in a fixed position, with the beam directed towards a large stationary retro-reflector opposite in order to reflect the beam back to the detector, and the sound field of interest occupying the intervening space ( fig. 2) . A single measurement consists of a sampling of apparent Doppler velocity over a given time interval, usually including synchronous averaging over several acoustic stimuli to improve signal-to-noise ratio (SNR). Scans of the sound field are constructed by repeating this process for different positions in 2 dimensions, while maintaining synchronous triggering of the acoustic stimulus with the start of each measurement.
Fig. 2 -The experimental setup in NPL's hemi-anechoic chamber. The PSV-400M is at the bottom left, with its laser beam grazing the diffuser (centre left) and reflecting off the retroreflective curtain (top right). The loudspeaker (centre right) is separated from the diffuser by approximately 2 metres.
NPL's vibrometer scans using rotation rather than translation, which has great practical advantages, but results in a conical projection rather than a parallel projection. By placing the vibrometer 'far' from the sound field of interest, the difference between the two projections is minimised, which is advantageous to interpretation of the data, but requires a very large retroreflector, thus we have employed a retro-reflective curtain to this end.
The geometrical size, shape, and resolution of the 2D scan may be defined in the vibrometer's control software, depending on the application. For example, a regular rectangular grid is suitable for visualisation of a full sound field ( fig. 1 ), while a radial arc of measurement positions is preferable for producing polar plots of sound emission. Once collected, the time series data may be analysed using a software package of choice.
Measurements for determining diffusion coefficients
The methodology we used to compute the directional and random incidence diffusion coefficients broadly follows that of ISO 17497-2:2012 [3] , with the obvious exception that optical measurements are substituted for microphone measurements. In essence, the sound field in front of the test surface is measured position by position in an arc from +90º to -90º relative to the normal axis, at 5º resolution, and at a fixed radius from the surface. This is repeated for several different angles of incidence of the surface to the incoming sound. These measurements contain both the incoming and reflected sound fields. A second set of 'empty field' measurements is made without the surface in place (using identical measurement positions) and subtracted from the first set to remove the incident sound, ideally leaving only the reflections from the test surface. Bandpass filtering of the data is performed, if required, and a time-window is applied to isolate the reflections of interest from any remaining sources of contamination. Finally, an energy summation for each position leads to the production of polar responses for the given frequency and angle of incidence, which are inputs to the diffusion coefficient calculations.
Instrumentation
A Polytec PSV-400M scanning laser vibrometer was set up in a hemi-anechoic chamber with a free working space of 6 m x 6 m x 5 m high, and supplemented with further sound absorbing polyurethane foam wedges on the floor surrounding the test area (Fig. 2) . The vibrometer's laser beam was directed towards a 6 m 2 retroreflective curtain suspended normal to the beam in the corner diagonally opposite (approximately 6 m separation).
A 1:4 scale model (15 cm x 15 cm) of RPG's QRD-734 diffuser [12] , was 3D printed in dense nylon, and mounted such that the horizontal beam passed across its surface. Use of a scale model allows measurements to be taken in the far-field (approximately 50 cm, where over 80% of the sampling locations fall outside of the specular zone [3] ) and also shifts the measurement frequency range up to approximately 1 kHz to 20 kHz, where refracto-vibrometry is more sensitive [13] , but with the drawback that the scale model reflects 1/16 th of the acoustic energy of the full-scale diffuser.
A Faital PRO 144 loudspeaker compression driver fitted to a Tractrix LTH142 horn (nominal coverage angle 60° x 50°) was placed opposite the diffuser, approximately 2 metres away and with its axis aligned with the normal of the diffuser. This setup is capable of producing a sound pressure level at the diffuser of approximately 110 dB over most of the measurement frequency range.
Source signal and post-processing
With the setup described, there is approximately 10 ms between sound emission from the speaker and when the expanding wavefront arrives at and displaces the curtain, which dominates the measurement of Doppler velocity from that moment onwards. Purely acoustic measurements can only be made directly during the first 10 ms, but reflections from the test surface can be recovered over a longer period by subtraction of the empty field measurement; cancelling out the curtain motion to a large extent.
Several of the acoustic stimulus options from ISO 17497-2:2012 have been trialled. Tone bursts and sine sweeps were found to be effective when employing averaging over many repetitions (typically 200). Impulse-response measurements were also attempted but the available equipment was not capable of producing an impulse of sufficient quality.
Generating tone bursts consisting of approximately four cycles each allowed measurement of reflections for the frequency range 2 kHz to 20 kHz at 1/3-octave spacing. This provided a reasonable signal-to-noise ratio over most of the frequency range, limited by the sensitivity of refracto-vibrometry at low frequency (Eq. 2), and by the sensitivity of the speaker at low and high frequencies. Band-pass filtering improved the signal-to-noise ratio further, before. Finally, a time window (a few ms in duration) was applied to isolate the reflections of interest, and the polar response was calculated.
A swept sine stimulus from 600 Hz to 22 kHz was also attempted, albeit with limited low frequency resolution. This required use of a time window greater than 10 ms, which therefore included the curtain displacement effect, but empty field subtraction successfully recovered the acoustic reflections from the diffuser, despite them being an order of magnitude smaller than the effect of curtain displacement. Measurement speed was greatly improved over the stepped tone burst approach, from over 2 hours down to 20 minutes. Band-pass filtering and time windowing were employed to separate the reflections into 1/3-octave frequency intervals, and polar responses calculated.
Computation of coefficients
For an anisotropic diffuser, the standard method for measuring the diffusion coefficient [3] specifies measurement in the plane of maximum diffusion in a 180˚ arc of constant radius centred on the diffuser. The refracto-vibrometric approach, although it cannot make point measurements in the plane, takes line integrals normal * to the plane, which for this application can be considered to be a centre-weighted projection onto the plane of maximum diffusion. The slight centreweighting arises because the measured Doppler velocity is proportional to the rate of change of the pressure integral (Eq. 2), and is therefore most sensitive when the beam is tangential to the advancing acoustic wavefronts.
Computation of the directional diffusion coefficient, dθ, follows equation 5 of ISO 17497-2:2012 (Eq. 3), with the exception that the rms pressure, pi, at each point i around the arc is necessarily replaced by the rms line integral of pressure along the beam, Pi. Pi(t), having units of pascal metres, follows directly from Eq. 2, and in practice is found from numerical integration of the apparent Doppler velocity, vi (Eq. 4). The values for the scalar Pi are * NPL's vibrometer scans using rotation rather than translation, resulting in a conical projection rather than a parallel projection. This is mitigated to some extent by placing the vibrometer 'far' from the test surface, and in any event, all points around the arc are equally affected, further reducing the possibility of a geometrical bias for 1D diffusers.
found by taking the rms of Pi(t) within the fixed time window covering the full reflection, which was previously defined.
The random incidence diffusion coefficient follows from combining directional diffusion coefficients for several different angles of incidence [3] .
RESULTS AND ANALYSIS
To demonstrate the validity of this new measurement approach, the measured results have been compared to numerically modelled results for the same QRD design. A 2D frequency domain Boundary Element Method (BEM) model [14] was used to predict the performance of a single period of the scale model diffuser used for the measurements (note: although a single period would not be applied in practice, this still serves to test the validity of the proposed method). The BEM model uses the Helmholtz Kirchhoff integral equation, expanded using Green's first and second theorems, to formulate the pressure at a point in terms of the incident pressure from a source and a surface integral over the diffuser surface of both pressure and its derivative. This method (excluding small discretisation and numerical precision errors) provides an exact solution to the wave equation, and has been shown previously to provide accurate results for a variety of diffuser types [14] . For simplicity, surfaces were considered to be completely rigid.
Polar plots have been produced to demonstrate the qualitative similarity in spatial scattering between the measurements and the modelled results ( fig. 3) , with frequencies scaled to the fullsize diffuser. The agreement is in general very good, supporting the viability of refractovibrometric measurements for characterising acoustic reflections. As the directivity becomes more complex at higher frequencies the measurements do not reach the predicted troughs/minima. Several factors have been identified that will cause measurements to diverge from simulated results, presented below in estimated decreasing order of significance: 1. The single frequency model vs. band-passed measurements; the superposition of frequency responses very effectively smooths over minima without greatly affecting maxima (due to the logarithmic nature of SPL). 2. The relatively high noise floor of the measurements (poor SNR), which is particularly evident for the grazing angles of reflection (close to ± 90˚) where the sound pressures are generally lower. 3. The infinite time window of the model vs. the finite time window of the measurements, which affects the bandwidth of tone-bursts, particularly at low frequencies where fewer periods are present. This has a similar effect to factor 1. 4. The non-perfect nature of the sample and positioning of components compared to the idealised setup of the model. 5. The decreased resolution of measurements (5˚) compared to model (1˚). 6. The finite sampling area of the measurement (due to the width of the laser beam; also a factor with microphone-based techniques). 7. A 2D model vs. 3D reality, including effects from the conical projection. Of these, the first two are considered to cause the majority of the discrepancy with the modelled polar responses. The polar responses can be processed using equations 3 and 4 to determine the directional diffusion coefficient, in this case the normal incidence diffusion coefficient (Fig. 4) .
A subjective comparison of the measured coefficients to the BEM modelled coefficients indicates that the agreement is reasonable at most frequencies. However, there are four frequencies where the measured diffusion significantly exceeds that predicted (including 2000 Hz and 4000 Hz, whose polar responses were shown in Fig. 3 ). In these cases the measured data does not reach the same minima as the modelled response, producing a curve that is closer to semi-circular than predicted, and therefore shows higher diffusion. Of the factors contributing to error in the polar response previously identified, the smoothing of minima is probably mostly due to the band-passed measurements and signal-to-noise ratio, with some contribution from measurement resolution at the highest frequencies. It should also be recognised that the BEM model assumes idealised sound propagation that cannot be realised in real life situations, and so represents something of an unachievable target. We attempted to obtain microphone-based measurements to validate our results, but this was not possible for a single period of the diffusor. Nonetheless, for most frequencies the fit is very good, and for those frequencies where it is not, the causes are evident and involve aspects of the methodology that can feasibly be improved in future.
Figure 4: The normal incidence diffusion coefficient as predicted by BEM (black line) and measured by refracto-vibrometry (red dotted line).
DISCUSSION
These measurements were made at normal incidence, but it is a simple matter to extend the technique to different angles of incidence by rotating the sample and sampling positions, and it follows that random incidence coefficients are straight forward to determine. The approach can be further adapted to determine the directional and random incidence scattering coefficients defined in ISO 17497-1:2004 [4] by way of the correlation scattering coefficient [15] , or even modified to find the absorption coefficient [2] by considering the incident sound pressure. It is also possible to examine and quantify the near field performance of the diffuser by setting a smaller radius sampling arc.
The ability of the refracto-vibrometry technique to measure the polar response of the test surface appears to be good, and at a comparable level of precision to microphone based techniques. The authors have not been able to attempt microphone based measurements, and single period data for the QRD-734 has not been available from external sources as usually 3 periods are tested. This highlights a shortcoming of both the optical and microphone approaches to measuring acoustic diffusion, in that a very large space is required to achieve far-field conditions, although in the case of the optical approach a large retroreflector is also required.
In addition to the arc sampling approach described, full field scans with high resolution regular grids can be used either quantitatively (as above), or as animations or freeze-frames to examine the evolution of the reflected sound field (Fig. 1) . As a full time series is recorded for every sampling position, it is possible to follow an acoustic perturbation through both time and space to understand its origin and development, and its phase relative to neighbouring waves. Similarly, regions of focusing are very easy to locate with full field scans, as seen in Fig. 1 . This kind of measurement would be prohibitively time consuming using a microphone based approach.
Unlike microphone-based measurements, refracto-vibrometry does not perturb the sound field. This, combined with the option of sub-millimetre 2D spatial resolution and the lack of a physical transducer to move and track, means that refracto-vibrometry is capable of making measurements in situations where traditional approaches would be inappropriate, such as very close to a surface, or directly between source and receiver. On the other hand, refracto-vibrometry requires a clear optical path tangential to the reflecting surface, and so far we have only proven its ability for sampling fields in 2D.
In our experiments, refracto-vibrometry in air has proven sensitive to acoustic frequencies from approximately 500 Hz to well into the ultrasound range. This makes it ideal for work with scale models, but limits the utility for low frequency work. Sound pressure levels of approximately 90 dB (re 20 µPa) or greater are typically required to achieve a reasonable signal-to-noise ratio (significantly higher than would be necessary for microphone based techniques) but recent advances in vibrometer technology are likely to bring this threshold level down significantly.
The vibrometer's sensitivity to pressure changes occurring at any point along the full length of the laser beam has already been discussed in relation to absolute measurement, and remains a limitation to be worked around for most airborne acoustic applications. In some applications it is less of a hindrance, and for measurements to quantify normalised 2D phenomena it can arguably be an asset. However the results should always be considered to be weighted 3D projections onto a 2D plane, rather than a 2D slice through a 3D sound field, as is sometimes the temptation when looking at stills from full field scans.
The measurement approach we used for characterisation of arbitrary reflecting surfaces could also be used to measure the scattering properties of materials. This would be of particular value for materials that have not been accurately modelled (inhomogeneous materials, furs, flexible or moving surfaces), and where microphones would be too coarse or perturbing to use.
CONCLUSION
The proposed refracto-vibrometry method has proven to be effective at measuring the 2D polar response of acoustic reflections from an arbitrary anisotropic surface, based on qualitative comparisons against a BEM model for a 1:4 scale QRD. It has also been demonstrated, analytically and by comparison to the BEM model, that the measurements may be used to quantify the directional acoustic diffusion coefficient, and by extension, other normalized quantities including the random incidence diffusion and scattering coefficients.
Refracto-vibrometry in air is still an emerging area of research. Although it has many unexplored applications and enormous potential for further development and refinement, it has so far been employed primarily as a qualitative visualization tool. Quantities of interest to scientists and acousticians, such as sound pressure level at a point, have been elusive because of the difficulty of extracting point data from the line integral inherent to the approach. However, determining dimensionless quantities such as the coefficients describing reflection in a plane does not require an absolute measurement. Leveraging this fact, a new measurement and analysis process relying on refracto-vibrometry has been developed and used to calculate the acoustic diffusion coefficient through purely optical means for the first time.
